Fascin is an actin-bundling protein that is found in membrane ruffles, microspikes, and stress fibers. The expression of fascin is greatly increased in many transformed cells, as well as in specialized normal cells including neuronal cells and antigen-presenting dendritic cells. A morphological characteristic common to these cells expressing high levels of fascin is the development of many membrane protrusions in which fascin is predominantly present. To examine whether fascin contributes to the alterations in microfilament organization at the cell periphery, we have expressed fascin in LLC-PK1 epithelial cells to levels as high as those found in transformed cells and in specialized normal cells. Expression of fascin results in large changes in morphology, the actin cytoskeleton, and cell motility: fascin-transfected cells form an increased number of longer and thicker microvilli on apical surfaces, extend lamellipodia-like structures at basolateral surfaces, and show disorganization of cell-cell contacts. Cell migration activity is increased by 8 -17 times when assayed by modified Boyden chamber. Microinjection of a fascin protein into LLC-PK1 cells causes similar morphological alterations including the induction of lamellipodia at basolateral surfaces and formation of an increased number of microvilli on apical surfaces. Furthermore, microinjection of fascin into REF-52 cells, normal fibroblasts, induces the formation of many lamellipodia at all regions of cell periphery. These results together suggest that fascin is directly responsible for membrane protrusions through reorganization of the microfilament cytoskeleton at the cell periphery.
INTRODUCTION
Fascins represent a family of actin-bundling proteins including sea urchin fascin, HeLa 55-kDa actin-bundling protein, and the Drosophila singed protein (Matsudaira, 1994; Otto, 1994; Edwards and Bryan, 1995) . Fascin is evolutionarily conserved, although yeast does not seem to have a fascin homolog. Molecular cloning of sea urchin fascin by J. Bryan and co-workers has shown that fascin has 35% identity at the amino acid level to the product of the Drosophila singed gene (Bryan et al., 1993) . Subsequent cloning of human, mouse, and Xenopus fascins (Duh et al., 1994; Holthuis et al., 1994; Mosialos et al., 1994; Edward et al., 1995) has revealed that the amino acid sequences of these fascin proteins are very similar to each other but share no apparent homology with nonfascin actin-bundling proteins (including villin and fimbrin), indicating that the fascins represent a distinct family of actin-binding proteins.
All of the fascin proteins cause aggregation of Factin into bundles in vitro, the property of which is reflected to the localization of fascin in a variety of cells. Sea urchin fascin is involved in the formation of filopodia by coelomocytes, the phagocytotic defense cells of echinoderms (Otto et al., 1979) and may act in the formation of microvillar cores at fertilization (Otto et al., 1980) . We have purified fascin (55-kDa actinbundling protein) from HeLa cells (Yamashiro-Matsumura and Matsumura, 1985) , and found that this human protein is localized mainly at filopodia and membrane ruffles, as well as in stress fibers (Yamashiro-Matsumura and Matsumura, 1986) . Fascin is also found in microspikes during spreading of a variety of cells including glioma cells (Lin et al., 1996) and myoblasts (Adams, 1995 (Adams, , 1997 . These observations suggest the involvement of fascin in the formation of actin bundles present in filopodia, microspikes, membrane ruffles, and stress fibers.
It is worthy of note that the expression of fascin is highly specific to tissue and cell types. Fascin is abundantly expressed in tissues such as brain and spleen and, at a cellular level, in specific types of cells such as neuronal and glial cells, microcapillary endothelial cells, and antigen-presenting dendritic cells (Duh et al., 1994; Mosialos et al., 1994 Mosialos et al., , 1996 Pinkus et al., 1997) . A morphological characteristic common to these specialized normal cells that express high levels of fascin is the development of many membrane protrusions. These observations suggest that fascin plays a role in extending the membranes either for cell motility or for interactions with other types of cells. For example, dendritic cells, which are critical cells for antigen presentation, show numerous, fascin-containing, membrane extensions. Upon maturation, they move to lymph nodes to present the antigen to T-cells. It is interesting to note that coelomocytes of echinoderms containing fascin-positive filopodia are involved in phagocytotic defense, an immune system of echinoderms.
High level expression of fascin is also observed in many transformed cells, including virus-transformed fibroblasts, HeLa (epitheloid carcinoma) cells, and Epstein-Barr virus-infected B lymphocytes (YamashiroMatsumura and Matsumura, 1985; Mosialos et al., 1994) . Cell transformation is often accompanied by a variety of phenotypical alterations including changes in cell shapes and motility, cell rounding, increased cell motility, loss of anchorage dependency, and the loss of cell-cell contacts. Many of these changes are caused by the alterations in the microfilament cytoskeleton of the cell periphery where fascin is typically found. Indeed, these transformed cells expressing high levels of fascin show an increased activity of membrane extensions, again suggesting the function of fascin in such activities.
By introducing human fascin into LLC-PK1 pig epithelial cells through DNA transfection and protein microinjection, we have examined how fascin contributes to the alterations in membrane protrusions, microfilament organization, and cell motility. LLC-PK1 cells express a low level of fascin, and thus the effects of exogenous expression of fascin were expected to be readily detected. In addition, the molecular weight of pig fascin is slightly higher than that of human fascin, making it easy to distinguish exogenously expressed human fascin from endogenous pig fascin. We have isolated several stable clones expressing human fascin at levels similar to those observed in the transformed cells (such as HeLa cells), as well as in the specialized normal cells. We have found that fascin transfectants develop numerous surface extensions including microspikes and lamellipodia. These alterations appear to cause greatly increased cell motility. Transfectants show a migration activity 8 -17 times more than that of parental cells when assayed by modified Boyden chamber. Microinjection of fascin protein also causes membrane extensions, suggesting that fascin is directly responsible for the alterations in the peripheral actin cytoskeleton. (Duh et al., 1994; Mosialos et al., 1994) was cloned into an expression vector, pRc/CMV (Invitrogen, Carlsbad, CA), and the vector was used for transfection of LLC-PK1 cells using a Lipofectin reagent (Life Technologies). Stable clones were isolated after selection with 500 g/ml of G418 for 2-3 wk.
MATERIALS AND METHODS

Cell Culture and Transfection
Immunofluorescence, Western Blotting, and Immunoprecipitation
Antibodies used for immunofluorescence include fascin monoclone 55K-2 (Yamashiro-Matsumura and Matsumura, 1986), ␤-catenin monoclone (Transduction Laboratories, Lexington, KY) and polyclone (Sigma Chemical, St. Louis, MO), E-cadherin monoclone (Transduction Laboratories), myosin polyclone (provided by Drs. J. Sellers and R. Adelstein, NIH/NHLBI, Bethesda, MD), villin monoclone (Immunotech, Westbrook, ME), vinculin monoclone (Sigma Chemical), and ␤-tubulin monoclone (Amersham, Arlington Heights, IL). Immunofluorescence involving fascin localization was performed as described previously (Yamashiro-Matsumura and Matsumura, 1986 ) with cells fixed with methanol. For immunolocalization of myosin and vinculin, or for phalloidin staining, cells were fixed with formaldehyde and permealized with acetone as described previously (Yamashiro-Matsumura and Matsumura, 1986) . Phase and immunofluorescence micrographs were taken using Kodak Technical Pan films and T-Max P400 films (Eastman Kodak, Rochester, NY), respectively. In some experiments, images were taken with an AT200 cooled CCD camera (Photometric, Tucson, AZ) and processed with a MicroTome image deconvolution software (VayTek, Fairfield, IA).
Western blotting was performed using an enhanced chemiluminescent system (Amersham as described previously (YamashiroMatsumura and Matsumura, 1986) . Immunoprecipitation of fascin was performed as described (Yamakita et al., 1996) using an immunoprecipitation buffer described by Tao et al. (1995) with three different polyclonal antibodies (kindly provided by Dr. R. Ishikawa, Gunma University, Gunma, Japan; Dr. P. McCrea, University of Texas MD Anderson Cancer Center, Houston, TX; and Dr. J. C. Adams, University College, London, England). Briefly, cells were lysed in an immunoprecipitation buffer containing 20 mM Tris-HCl, pH 7.6, 150 mM KCl, 0.6 mM CaCl 2 , 2.0 mM MgCl 2 , 0.5 mM ATP, and 0.05% Triton X-100, homogenized by several passages through a 25-gauge needle, and centrifuged in an Eppendorf centrifuge for 20 min. A primary antibody and then protein A-Sepharose beads were added to the supernatant. As a control, unrelated polyclonal antibodies, including anti-cdc2, or anti-tropomyosin antibodies were used instead of the anti-fascin antibodies. The antigen/antibody/Protein A complexes were washed extensively with the immunoprecipitation buffer and analyzed by SDS-PAGE followed by Western blotting.
Microinjection
Human fascin protein (5 mg/ml) was purified from HeLa cells by the method described previously (Yamashiro-Matsumura and Matsumura, 1985) . Recombinant human fascin was also purified as described by Ono et al. (1997) . LLC-PK1 cells were microinjected with purified fascin as described by Yamakita et al. (1990) . After 3-16 h incubation, the cells were fixed with formaldehyde and stained with rhodamine phalloidin to examine F-actin structures or fixed with methanol and stained with the monoclonal antibody against human fascin (55k-2) to localize fascin. FITC-dextran was comicroinjected to identify injected cells. In some experiments, microinjected cells were fixed with formaldehyde and double-labeled with phalloidin and the anti-fascin antibody (55k-2). Although fascin staining with formaldehyde-fixed cells was weak and had a nonspecific background, the staining could be used to identify injected cells ( Figure 9A ).
Modified Boyden Chamber Assay
The modified Boyden chamber assay was performed using 24-well Transwell filters (6-mm diameter, 8.0-m pore size, Costar, Cambridge MA). LLC-PK1 or fascin-transfected cells (0.7 ϫ 10 4 -2 ϫ 10 4 cells/filter) were plated on the upper sides of Transwell filters in M199 medium supplemented with 3% fetal calf serum but without G418. Cells were incubated at 37°C in a humidified incubator containing 5% CO 2 for 18 h, after which filters were fixed with formaldehyde and cells were stained with the Diff-Quik stain kit (Baxter, McGaw Park, IL) . After the upper side of each filter had been wiped with a cotton-tipped applicator to remove cells that had not migrated, the filters were viewed under bright field optics. To quantitate migration, stained cells were counted in five fields (under 100ϫ magnification) from each of two filters for each condition. Results were expressed as the mean number of cells counted in each field Ϯ SD. 
RESULTS
Fascin Expression Is Increased upon Cell
Morphology of Stable Transfectants Overexpressing Human Fascin
To explore whether a high expression of fascin is involved in the alterations in the microfilament cytoskeleton and cell motility observed with these transformed cells, we increased the expression of fascin in LLC-PK1 cells through DNA transfection and isolated seven stable transfectants. These fascin transfectants are found to express 12 to 17 times as much fascin as the level of parental LLC-PK1 cells (see Western blotting shown in Figure  8 ), although it should be noted that these increased fascin levels are equivalent to those found in transformed cells such as HeLa cells. We could not isolate stable transfectants with lower levels of fascin expression: although some clones expressed lower levels of fascin immediately after transfection, the fascin expression of such clones increased to high levels during the early stages of selection and cloning.
Phase contrast microscopy at low magnification ( Figure 1 ) has revealed several prominent morphological alterations of the fascin transfectants. First, fascin transfectants develop many membrane protrusions. As Figure 1B shows, transfected cells show many elongated membrane projections, resulting in a morphology similar to a fibroblast. In contrast, parental cells (A) show a typical epithelial sheet with a relatively smooth edge and few projections. The development of membrane extensions appears to cause the flatter morphology of transfected cells: transfected cells occupy roughly twice as much area as parental cells (measured by the ImagePro image analysis software). The additional prominent change observed with fascin transfection is the disorganization of cell-cell contacts. As a result, transfectants do not form a dome whereas parental cells form a dome after confluency. It should be noted that all seven transfectants isolated so far show similar morphology, suggesting that fascin expression is involved in the morphological alterations described above. Mock transfection (C), on the other hand, has no effect on the morphological characteristics of the parental cell line.
Alterations in the Microfilament Cytoskeleton
Fascin transfection greatly alters the organization of the actin cytoskeleton while affecting microtubules and intermediate filaments minimally (our unpublished observations). We have first examined the organization of F-actin by phalloidin staining (Figure 2 ) and found three major alterations. First, fascin transfectants develop membrane protrusions at lower cell surfaces (arrowhead in Figure 2B , fluorescent image taken at a lower focal plane). These membrane extensions are likely to be formed by the extension of basolateral surfaces (see below and MICROINJECTION OF FASCIN), which seems to explain the flatter morphology of fascin-transfected cells. On the other hand, parental cells (Figure 2A) show an epithelial cell sheet with relatively smooth periphery.
A second morphological alteration caused by fascin transfection is the formation of long, thick microspikes on the upper surfaces of transfectants ( Figure 2C , image taken at a higher focal plane). Instead of circumferential bands of parental cells, fascin transfectants show ring-like structures (arrowhead in Figure 2C ) on the upper surfaces, from which many long actin bundles are radiating. In addition, numerous microspikes are formed in an area (asterisk) surrounded by the "ring." These microspikes are much longer and thicker than microvilli present on apical surfaces of parental cells. Because ␤-catenin antibody stains the "ring" (see Figure 3 below), the surface surrounded by the "ring" is likely to correspond to a previously apical surface. These microspikes are stained with the villin antibody (our unpublished observations), indicating that fascin expression greatly extends the length of microvilli on the apical surfaces of the original cells.
Third, the circumferential bands are mostly disorganized in fascin-transfected cells, resulting in the loss of cell-cell contacts. As Figure 3 shows, parent cells show typical polygonal bands in cell-cell contacts that are stained with both fluorescent phalloidin and anti-␤-catenin antibody (A and B). In fascin-transfected cells (C and D), such circumferential actin bands appear to be transformed into the "ring" (arrowheads in Figure 3 , C and D) because they are also stained by both phalloidin and the ␤-catenin antibody. This observation confirms that microspikes induced by fascin transfection are formed on apical surfaces, while the induction of membrane protrusions occurs at basolateral surfaces.
The disorganization of cell-cell contacts in fascin transfectants is also clearly seen by staining with an antibody against E-cadherin, another component of cell-cell contacts. As Figure 4 shows, E-cadherin shows disrupted localization similar to that of ␤-catenin although E-cadherin staining is more diffuse throughout the cytoplasm than ␤-catenin staining.
Organization of Fascin in Parental and Fascintransfected Cells
To explore how fascin is involved in the above alterations in the actin cytoskeleton, we examined the localization of fascin in both parental and fascin-trans- fected cells. For double labeling we chose ␤-catenin and fascin for the following two reasons: First, fascin has been reported to bind to ␤-catenin (Tao et al., 1995) ; Second, the antibody to fascin requires methanol fixation for immunolocalization, and thus we cannot colocalize F-actin or myosin, the localization of which requires formaldehyde fixation. Figure 5 demonstrates the localization of fascin in a normal situation, i.e., in LLC-PK1 cells. Although fascin staining is very weak, we can localize fascin in cell-cell contacts, as well as in microvilli on apical surfaces (A). Fascin has been reported to colocalize with ␤-catenin in cell-cell contacts of A431 cells (Tao et al., 1995) . The localization of fascin in cell-cell contacts of LLC-PK1 cells, however, differs significantly from that of ␤-catenin. While ␤-catenin antibody continuously stains adhesion belts, fascin staining appears discontinuous. Close examination (see high magnification photographs of panels C and D) has revealed that fascin antibody stains short spikes radiating upward from adhesion belts but not the adhesion belts (see arrowhead in panels C and D).
In fascin transfectants, cytoplasmic staining of fascin is greatly increased, although the staining is particulate rather than entirely diffuse ( Figure 6A ). In addition, fascin appears to be localized in membrane extensions (arrowheads in A). To reduce the background, fascin-transfected cells were first extracted with a low concentration (0.03%) of Triton X-100 and then double stained with anti-fascin and anti-␤-catenin antibodies. As Figure 6C shows, fascin exhibits two types of localization. First, it is found in long, thick microfilament bundles radiating from the "ring" (indicated by arrowhead), as well as in numerous microspikes present on apical surfaces surrounded by ␤-catenin. Second, fascin is present in membrane protrusions (arrow in C). These observations strongly suggest that fascin overexpression facilitates the formation of fascin-containing actin bundles in LLC-PK1 cells together with membrane extensions. It should be noted that ␤-catenin staining is less prominent where fascin-containing microfilament bundles are more developed (see arrowhead with asterisk in Figure 6 , C and D).
Localization of Vinculin
Fascin transfection induces the extension of basolateral membranes. It is possible that the extension may cause alterations in focal contacts. We have thus examined the localization of vinculin. As Figure 7 shows, more and larger focal contacts are found in fascin-transfected cells (B), in comparison to those found in parental cells (A). These results indicate that the basolateral membrane expansion accompanies the development of focal contacts, the organization of which is reminiscent of that seen in fibroblasts. 
Increased Cell Migration of Fascin-transfected Cells
The induction of lamellipodia and microspikes by fascin transfection suggests that fascin transfectants may gain increased cell motility. We have thus examined the cell migration activity of wild and fascin transfectants using a modified Boyden chamber. Varying numbers of fascin-transfected cells were plated on upper chambers, and cells that had migrated through 8-m holes were counted after 18 h incubation. As a control, the same numbers of parental LLC-PK1 were plated and counted in the same way. As Table 1 shows, the number of migrated cells was 8 -17 times greater with fascin-transfected cells than that with wild LLC-PK1 cells. This finding indicates that cell motility is greatly enhanced by the expression of fascin.
Decrease in the Expression of ␤-Catenin in Fascintransfected Cells
One of the prominent phenotypic alterations of fascin transfection is the disorganization of cell-cell contacts. We have thus examined whether the level of expression of ␤-catenin is altered. We used parental cells and two transfectants (clone 1 and 2) expressing different levels of human fascin (Figure 8 ). Because tubulin organization and its staining intensity seem unchanged upon fascin transfection, the reactivity of the tubulin antibody was used as an internal standard for the normalization between parental and fascin-transfected cells. Quantitative Western blotting has revealed that clone 1 and 2 express fascin 12 and 17 times, respectively, more than the level of endogenous fascin in parental LLC-PK1 cells. It should be noted that these increased levels of fascin expression correspond to 0.61 and 0.77% of total protein, respectively, which are the same levels found in transformed cells such as HeLa cells. The expression levels of ␤-catenin are decreased to one-third and one-fifth of the level of parental cells in clone 1 and 2, respectively. We have also examined the level of E-cadherin in clone 2. Despite the disorganization of E-cadherin organization in transfected cells, the expression level of E-cadherin is decreased by only 20% (our unpublished results).
Fascin has been reported to bind to ␤-catenin in HeLa cells and brain (Tao et al., 1995) . We thus examined whether fascin is associated with ␤-catenin in LLC-PK1 cells or fascin-transfected cells. Fascin was immunoprecipitated using three different polyclonal antibodies (kindly provided by Dr. R. Ishikawa, Dr. P. McCrea, and Dr. J.C. Adams), and the immunoprecipitates were immunoblotted with the ␤-catenin antibody. As controls, unrelated polyclonal antibodies such as anti-tropomyosin or anti-cdc2 antibody were used at the same time. We have found that the level of ␤-catenin in the fascin immunoprecipitates is very low and indistinguishable from those present in the control immunoprecipitates using anti-cdc2 or anti-tropomyosin antibodies (our unpublished results). This result suggests that the binding between fascin and ␤-catenin may not be significant in these cell lines, LLC-PK1 cells, and fascin transfectants. The lack of association appears to reflect the difference in the immunofluorescent localization between fascin and ␤-catenin ( Figure 5 ).
Microinjection of Fascin
To explore whether fascin directly causes the morphological alterations described above, we microinjected a fascin protein into parental cells, LLC-PK1. Microinjected cells were stained with either phalloidin ( Figure  9 , B, H, and I) or with the fascin monoclonal antibody (A, D, and E).
We have observed three major effects as early as 3 h after microinjection of fascin protein. First, thicker and longer microfilament bundles are formed on apical surfaces. Figure 9 , A and B, represents two fascininjected cells (asterisks) that were stained with fascin antibody and rhodamin phalloidin, respectively. Figure 9A identifies the two cells injected with fascin. The phalloidin staining has revealed that the fascin-injected cells develop more microvilli on their apical surfaces than surrounding uninjected cells. Similar induction of more microvilli on the apical surface is also observed in a fascin-injected cell shown in Figure 9H (asterisk).
Second, fascin microinjection results in the protrusion of the basolateral membranes. Figure 9 , D and E, shows micrographs of four injected cells taken at low and high focal planes, respectively. The micrograph taken at a lower focal plane (D) indicates that injected cells extend the basolateral membranes, resulting in the formation of lamellipodia-or filopodia-like structures (arrowhead). Similar extension of membrane is also observed with a fascin-injected cell shown in Figure 9G (arrowhead). A third alteration observed with fascin microinjection is that phalloidin staining becomes higher in fascin-injected cells. Panels H and I are deconvoluted images taken at the apical and basolateral focal planes. In both images, fascin-microinjected cells show higher staining with fluorescent phalloidin. Because they are deconvoluted images, the higher staining is not due to a difference in the thickness of fascin-injected cells, but rather suggests that the F-actin content is increased by fascin.
The first two morphological effects caused by protein microinjection, i.e., the formation of microvilli on apical surfaces and the extension of basolateral membranes, are quite similar to two of the three morphological alterations seen with fascin DNA transfection (see Figures 2 and 3 ). This suggests that fascin has a direct role in inducing these two types of structural changes upon transfection. It should be noted that lamellipodia-like protrusions occur only at basolateral surfaces but not on apical surfaces. These differential responses to fascin microinjection reflect the distinct natures of apical and basolateral surfaces of polarized epithelial cells.
Fascin transfectants exhibit an additional alteration, the disorganization of cell-cell contacts. The cell-cell contacts of fascin-microinjected cells, however, appear mostly intact although, in a few cases, the actin organization at circumferential belts is subtly but significantly disturbed (see arrowheads in Figure 9H ). In addition, microspikes are more developed, radiating from the adhesion belts (arrowheads in B), which could be an early stage of the disorganization of cellcell contacts seen in DNA transfection. These observations suggest that the disorganization of cell-cell contacts may require the prolonged presence of fascin.
To examine whether fascin causes similar morphological alterations in the other type of cultured cell, i.e., fibroblasts, we microinjected fascin protein into REF52 cells. We chose REF52 cells because they contain a very low level of fascin and should thus be relatively sensitive to such manipulation. As Figure 10 shows, microinjection of fascin induces the formation of a variety of membrane protrusions at the regions of the cell periphery (A, indicated by arrowhead), including lamellipodia, filopodia, and in a few cases, long, branched microvilli. As a control, we microinjected caldesmon (B) and observed no alterations in the morphology at the periphery. These observations suggest that extension of the membrane is fascin's primary function in both epithelial and fibroblastic cells.
DISCUSSION
Fascin shows greatly increased expression both in specialized normal cells and in many transformed cells.
The forced expression of fascin to similar high levels in LLC-PK1 epithelia results in large alterations in morphology, as well as cell motility: fascin transfectants form longer and thicker microspikes on apical surfaces, develop lamellipodia-like structures on basolateral surfaces, show the disorganization of cellcell contacts, and exhibit greatly increased cell motility. Microinjection of fascin in LLC-PK1 cells causes similar morphological alterations (Figure 9 ): lamellipodia are formed at basolateral surfaces, and long and thick microvilli are developed on apical surfaces, although massive disorganization of cell-cell contacts is not readily observed in protein-injected cells. These (Figure 10 ). These results, together, suggest that fascin, when expressed at high levels, plays a primary role in the development of membrane protrusions.
This notion of fascin's primary role is supported by the characteristic properties shown by specialized cells expressing a high level of fascin, including neuronal and glial cells, microcapillary endothelial cells, and antigen-presenting dendritic cells (Duh et al., 1994; Mosialos et al., 1994 Mosialos et al., , 1996 Pinkus et al., 1997) . All of these cells exhibit membrane protrusions and are highly motile just like fascin-transfected cells. It is worthy of note that specific migratory cells of developing egg chambers of Drosophila express a high level of singed protein, a Drosophila homolog of fascin (Cant et al., 1994) . The involvement of fascin in cell motility and membrane protrusions is further supported by the recent report of Adams (1997) that cell motility of C2C12 myoblasts is correlated with the formation of fascin-containing microspikes on thrombospondin-1 matrix.
How does fascin promote the formation of membrane protrusions such as microspikes and lamellipodia, the formation of which involves the alterations in the peripheral actin cytoskeleton? Actin binding and bundling activities of fascin are undoubtedly involved A cell was injected with human fascin together with FITC-dextran, stained with rhodamin phalloidin, and photographed using an AT200-cooled CCD camera (Photometrics). Deconvoluted images of panels H and I were obtained using MicroTome software. (G) FITC-dextran; (H) F-actin organization at a higher focal plane; (I) F-actin at a lower focal plane. F-actin staining is higher with injected cells (asterisk, H and I) . Note that circumferential actin bands are partially disorganized (H, indicated by arrowhead) and that microvilli are more developed in the injected cell (H). Bar, 10 m.
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Vol. 9, May 1998 Drosophila singed mutations, where deletion of the singed protein (Drosophila fascin) results in a short, curved bristle shaft with a decreased number of microfilament bundles (Poodry, 1980) . The formation of membrane protrusions like lamellipodia should require actin polymerization followed by the stabilization of actin filaments in the area of membrane extensions (Condeelis, 1992 (Condeelis, , 1993 Welch et al., 1997) . Fascin may affect both processes. First, fascin could stabilize membrane protrusions by acting as an actin cross-linking protein. Indeed, human fascin forms both actin bundles and actin gel in vitro depending on the molar ratio of fascin to actin (Yamashiro-Matsumura and Matsumura, 1985) . At a low ratio such as 1:18, fascin forms actin gel while at a higher ratio, fascin makes actin bundles. Second, fascin appears to alter the equilibrium of actin polymerization as suggested by the increased phalloidin staining of cells microinjected with fascin (see Figure 9 ). Preliminary study, however, showed that fascin did not change the rate of actin polymerization or the critical concentration in vitro (our unpublished results). Perhaps, the cross-linking or bundling by fascin may inhibit actin depolymerization, just like Dictyostelium 30-kDa actin-bundling protein (Zigmond et al., 1992) . Alternatively, cross-linking may reduce the mobility of actin filaments, thereby inhibiting annealing of short filaments when uncapped. This would prevent the loss of filament ends, thereby facilitating polymerization. ␣-Actinin has been reported to show such activity in vitro (Colombo et al., 1993) . In any case, fascin's effect on actin polymerization should be dynamic because fascin transfectants show increased cell migration through 8-m holes. We are in the process of examining how fascin affects depolymerization or annealing.
The level of ␤-catenin is greatly decreased in fascintransfected cells. While the exact reason for the downregulation of ␤-catenin is not clear, fascin may be responsible. The disorganization of cell-cell contacts could release ␤-catenin from the cytoskeleton to the cytoplasm, and cytoplasmic ␤-catenin would be more unstable than cytoskeletal ␤-catenin. For example, the degradation of ␤-catenin occurs when adenomatous polyposis coli binds to ␤-catenin that is not associated with cell-cell contacts (Munemitsu et al., 1995; Gumbiner, 1997; Morin et al., 1997) . Alternatively, the association between ␤-catenin and fascin (Tao et al., 1995) might cause degradation of ␤-catenin as did the association of adenomatous polyposis coli with ␤-catenin. However, we could not detect ␤-catenin in fascin immunoprecipitates in LLC-PK1 cells or in fascin transfectants. It is possible that the association may not be stable in our cells. The down-regulation of ␤-catanin may also be caused by the changes in cell morphology shown by fascin transfectants. In particular, the development of more and larger focal adhesions could change the signal transduction pathways, leading to the alterations in gene expression including ␤-catenin.
The effects of fascin overexpression are very different from those shown by the overexpression of other actin cross-linking or bundling proteins such as ␣-actinin or villin. For example, overexpression of ␣-actinin in fibroblasts has been reported to decrease cell motility (Gluck and Ben-Ze'ev, 1994) . While villin overexpression was reported to induce microvilli on the surfaces of transfected fibroblasts, there seems to be no effect on the formation of lamellipodia (Friederich et al., 1989) . These observations indicate that fascin plays a unique role in the organization of the actin cytoskeleton and cell motility and apparently explain why the expression of fascin is highly specific to certain tissues and cells.
The high expression of fascin in transformed cells suggests that fascin may play an important role in tumor pathophysiology. This speculation seems to be accurate. In collaboration with us, Dr. Gown has examined the expression of fascin in about 100 breast cancer cases and found that fascin expression is restricted to the high-grade tumors, which are more proliferative and metastatic (Sun et al., 1997) . Thus, fascin is likely to be involved in the metastasis of breast cancer, and fascin could be an important marker for breast cancer pathology.
